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ABSTRACT

Datafrom the California Land-Falling Jets Experiment (CALJET) are used to explore the causes of variations
in flood severity in adjacent coastal watersheds within the Santa Cruz Mountains on 2-3 February 1998.
While Pescadero Creek (rural) experienced its flood of record, the adjacent San Lorenzo Creek (heavily
populated), attained only its fourth-highest flow. This difference resulted from conditions present while the
warm sector of the storm, with its associated low-level jet, high moisture content, and weak static stability,
was overhead. Rainfall in the warm sector was dominated by orographic forcing. While the wind speed
strongly modulated rain rates on windward slopes, the wind direction positioned the edge of a rain shadow
cast by the Santa Lucia Mountains partially over the San Lorenzo basin, thus protecting the city of Santa
Cruz from a more severe flood. Roughly 26% =+ 9% of the streamflow at flood peak on Pescadero Creek
resulted from the warm-sector rainfall. Without this rainfall, the peak flow on Pescadero Creek would likely
not have attained record status.

These results are complemented by a climatological analysis based on ~50-yr-duration streamflow records
for these and two other nearby windward watersheds situated ~20 to 40 km farther to the east, and a comparison
of this climatological analysiswith composites of NCEP-NCAR reanalysisfields. The westernmost watersheds
were found to have their greatest floods during El Nifio winters, while the easternmost watersheds peaked
during non-El Nifio episodes. These results are consistent with the case study, that showed that the composite
925-mb, meridionally oriented wind direction during El Nifios favors a rain shadow over the eastern water-
sheds. During non—EI Nifio periods, the composite, zonally oriented wind direction indicates that the sheltering
effect of the rain shadow on the eastern watersheds is reduced, while weaker winds, less water vapor, and
stronger stratification reduce the peak runoff in the western watersheds relative to El Nifio periods.

These case study and climatological results illustrate the importance of conditions in the moisture-rich
warm sector of landfalling Pacific winter storms. Although many other variables can influence flooding, this
study shows that variations of +=10° in wind direction can modulate the location of orographically enhanced
floods. While terrain can increase predictability (e.g., rainfall typically increases with altitude), the predict-
ability is reduced when conditions are near a threshold separating different regimes (e.g., in or out of arain
shadow).
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1. Introduction

On 2-3 February 1998, during one of the strongest
El Nifio episodes of the twentieth century (e.g., Barnston
et al. 1999), a major extratropical cyclone struck Cal-
ifornia. Several hoursbeforethe heaviest rainfall [which
was associated with a low-level jet (LLJ) and primary
cold front] reached California’'s central coast, precise
measurements of the LLJ intensity were gathered off-
shore by a National Oceanic and Atmospheric Admin-
istration (NOAA) P-3 aircraft and were communicated
to the local National Weather Service (NWS) Weather
Forecast Office (WFO) in Monterey. The offshore ob-
servation of a 37 m s=* LLJ (Fig. 1) was collected as
part of an experimental storm surveillance effort within
the California Land-Falling Jets Experiment (CALJET,
Ralph et al. 1999).* This measurement confirmed fore-
casters’ concerns about the potential for flooding during
the storm’s landfall (e.g., Neiman et al. 2002), and led
to the issuance of a flash flood warning more than 6 h
before flood stage was reached on local watersheds, in-
cluding Pescadero Creek (Figs. 1 and 2). Emergency
managers credited the unusual length of this lead time
(which is normally =1 h) with their ability to prepo-
sition personnel for the many rescues carried out that
evening (T. Maruyama, Director of Emergency Services,
San Mateo County Sheriff’s Office, 1998, personal com-
munication). A retrospective assessment by these man-
agers revealed that the lead time saved both lives and
property.

Rainfall totals reached 350 mm in 45 h in the coastal
mountains and led to major flooding that varied signif-
icantly from one watershed to the next. This variability
modulated societal impactsin the Santa Cruz Mountains
(Figs. 1, 2) because the worst flooding struck the sparse-
ly populated Pescadero Creek basin (record flood; pop-
ulation ~1500) rather than the adjacent, densely pop-
ulated San Lorenzo Creek basin that flows through the
city of Santa Cruz (fourth-worst flood, population ~75
000). Although both watersheds had significant flood-
ing, and the flood warning hel ped emergency managers,
itisimportant to consider whether predictability isavail-
able on a scale that would further distinguish which
watersheds may be the most vulnerable in a particular
event.

This paper describes the causes of local-scale varia-
tions in rainfall that led to the flooding, including the
circumstances that led to the record flood on Pescadero
Creek. The paper focuses on orographic effects (e.g.,
Smith 1979; Houze 1993), including precipitation en-
hancement associated with the landfall of aLLJin the
warm sector of the cyclone (i.e., the region between the
warm front and leading cold front), and the role of a
distinct rain shadow (e.g., Brady and Waldstreicher

1 Key elements of CALJET's data collection were expanded due
to the strong El Nifio.
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Fic. 1. Time series of streamflow (m?® s—) from the Pescadero
Creek stream gauge between 1500 UTC 2 Feb and 1800 UTC 3 Feb
1998. A NOAA P-3 aircraft observed hurricane-force winds offshore
(inset) within a moist low-level jet in the cyclone warm sector (i.e.,
near the 1600 UTC flight-track label in Fig. 4a) later.

2001). The importance of warm-sector rainfall to total
rainfall in landfalling winter storms was noted by Reyn-
olds and Kuciauskas (1988) and Heggli and Rauber
(1988), and was part of the basis for CALJET's focus
on the LLJ. A key factor addressed in this study is the
strong sensitivity of flooding to wind direction in the
LLJ. [Thissensitivity is reflected in the use of 10° wind-
direction binsin the Rhea (1978) operational orographic
precipitation algorithm.] This paper extends earlier stud-
ies through use of wind profiler and aircraft data gath-
ered during CALJET (Ralph et al. 1999), and benefits
from the proximity of a Weather Surveillance Radar-
1988 Doppler (WSR-88D) that overlooks both water-
sheds at ranges from only 8 to 50 km. This case study
also reveals details of the capabilities and limitations of
coastal WSR-88D radars (Westrick et al. 1999) and wind
profilers in terms of monitoring key conditions in land-
falling storms, and reveals the influence of topography
on local-scale predictability of precipitation.

The conclusions of this case study are then used to
explore the connection between local flooding vari-
ability and larger-scale conditions influenced by the El
Nifio—Southern Oscillation (ENSO). Watershed-scale
sensitivity to ENSO was established by Andrews et al.
(2004), which analyzed flooding as a function of ENSO
for key coastal watershedsin California. The study pre-
sented here connects extreme weather to short-term cli-
mate variations by describing how a key mesoscale pro-
cess that governs the local distribution of coastal winter
rainfall in Californiais modulated by ENSO. These re-
sults have implications for understanding how topog-
raphy influences the predictability of precipitation in
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Fic. 2. (a) Terrain base map of CA central-coast region showing
the locations of the observing systems (see key) and the NOAA P-
3 aircraft staging areaat Monterey (aircraft symbol). Rain gauge sites
whose data are presented in time series format later in the paper are
denoted with large dots. Dividing streamlines directed from 169° and
199° (solid and dashed, respectively) are shown. Dotted-line AA’ is
a cross-section projection for Fig. 11b. The inset box defines the
domain of (b) and Fig. 13. Zoomed-in terrain base map showing the
observing systems [as in (a)], the outlines of the four watersheds of
interest, and the estimated populations within these watersheds. Ob-
serving sites key to our discussion are depicted by their three-letter
station names. The Pescadero and San L orenzo watershed boundaries
are bold.
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mountains. This is an area of debate (e.g., Smith et al.
1997) about the role of terrain in increasing predict-
ability (Charbaet al. 2003) versusincreasing uncertainty
when meteorological conditions are close to a key hy-
drodynamic threshold. In such situations, small changes
in upstream conditions can yield large changes in flow
regime. The results of Nuss and Miller (2001), which
concluded = 1° changesin the large-scalewind-direction
field can create large local errors in wind and precipi-
tation forecasts in complex terrain, support this later
view.

2. Observing systems

During the winter of 1997/98, an extensive suite of
research observing platforms, some of which were mo-
bile, was deployed for CALJET acrossaregion covering
the data-sparse eastern Pacific Ocean and coastal Cal-
ifornia (Ralph et al. 1999). These platforms comple-
mented the established operational observing systems.
Those research and operational systems that are critical
to this study are described briefly in the following par-
agraphs and their locations are shown in Fig. 2.

Key ground-based data were collected from two 915-
MHz boundary layer wind profilers (e.g., Ecklund et al.
1988) (Fig. 2a), including one operated by the Naval
Postgraduate School (NPS). The other was sited near
Point Piedras Blancas (PPB) on the coast. This site, and
11 others (Fig. 4), were deployed by NOAA's Environ-
mental Technology Laboratory (ETL) from Oregon to
southern California for winter weather and air quality
research. All of these profilers provided hourly averaged
vertical profiles of horizontal wind velocity from ~0.1
to 4.0 km above ground level (AGL) with =100 m
vertical resolution in clear, cloudy, and precipitating
conditions. Under dry conditions the height coverage
could drop to 2.0 km AGL. The ETL profiler winds
were objectively edited using the method of Weber et
al. (1993). At each profiler site a tipping-bucket rain
gauge measured rainfall with 0.01-in. (~0.25 mm) res-
olution, while observations of wind, temperature, mois-
ture, and pressure were collected from a 10-m tower,
all with 2-min sampling.

Data gathered offshore by a NOAA P-3 turboprop
research aircraft (e.g., Jorgensen 1984; Jorgensen et al.
1996) allowed accurate determination of the positions
and structure of fronts and the LLJ offshore as the storm
approached the coast on 2 February 1998. This flight
started from Monterey, California, reached ~375 mb
atitude, and released nine global-positioning-system
(GPS) dropsondes. The sondes provided high-resolution
vertical profiles of wind velocity, temperature, and water
vapor over the data-sparse Pacific Ocean. The next part
of the mission focused on low-altitude flight legs in the
LLJ and ended with a leg near the coast. The P-3 also
provided airborne dual-Doppler radar measurements
(not shown) of the offshore fronts and LLJ, which aided
the synoptic analyses (Fig. 3).
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Fic. 3. Sealevel pressure (SLP) analysis at (a) 1200 UTC and (b) 1800 UTC 2 Feb; (c) 0000 UTC and (d) 0600 UTC 3 Feb 1998. Surface
wind flags are 25 m s=%, full barbs are 5 m s~%, and half-barbs are 2.5 m s*. The ocean-based observations are from ships and buoys [no
vector heads or stand-alone solid dots (SLP-only reports)], and from P-3 dropsondes and low-level flight legs (dot vector heads). Wind-
profiler sites have triangle vector heads. Standard frontal notation is used.

Operational observing systems were also vital. Cal-
ifornia's Automated Local Evaluation in Real Time
(ALERT; Mendell 1992) network of ~900 rain gauges
measured rainfall with 0.04-in. (~1.0 mm) resolution
as frequently as every 15 min, and were quality con-
trolled. Data from eight United States Geological Sur-
vey (USGS) stream gauges in the Santa Cruz and Santa
Lucia Mountains were used in the climatological part
of the study. These gauges were well suited for this

study because the watersheds they represent are rela-
tively small, not subjected to flow regulation, and low
enough in altitude (<1500 m) that most precipitation
fallsasrain. All of the stream gauges in the Santa Cruz
Mountains have 45-50 yr of records dating back to be-
tween 1950 and 1955.

Many other operational observing systems were also
used: hourly surface observations from airports and
buoys, 3-hourly data from ships (sites shown in Fig. 3),
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12-hourly thermodynamic and kinematic profiles from
rawinsondes, and the WSR-88D at Mount Umunhum
(MUX) near San Francisco monitored the evolution of
landfalling precipitation features and their associated
radial-velocity signatures over the domain of interest.
General descriptions and applications of WSR-88D are
provided in Crum et al. (1993) and Klazura and Imy
(1993). The WSR-88D radial velocities were synthe-
sized into vertical profiles of the horizontal wind with
~300 m vertical resolution using the vel ocity—azimuth
display (VAD) technique (Browning and Wexler 1968;
Rabin and Zrni¢ 1980). A Geostationary Operational
Environmental Satellite (GOES) provided continuous
infrared, visible, and water-vapor observations, as well
as 3-hourly tropospheric-feature-tracked winds (e.g.,
Velden et al. 1997; Nieman et al. 1997). A polar-orbiting
satellite measured integrated precipitable water vapor
(IWV), surface wind speed, integrated cloud liquid wa-
ter, and rain rate in >1000-km-wide swaths over the
Pacific Ocean with its Special Sensor Microwave | mager
(SSM/I) instrument (Wentz 1997).

3. Synoptic overview and areawide rainfall
distribution on 2—3 February 1998

The CALJET winter of 1997/98 coincided with a
high-amplitude El Nifio event and was characterized by
frequent and strong storms impacting the California
coast (e.g., NCDC 1998). One of the strongest storms
occurred on 2—-3 February 1998, causing hurricane-force
winds, extensive flooding, landslides, and coastal ero-
sion. The synoptic evolution of thisfrontal cyclone over
the eastern Pacific Ocean is presented to establish the
large-scale context for the mesoscale and hydrological
observations and analyses explored later in the paper.
The sea level pressure (SLP) analyses (Fig. 3) were
derived largely from ship and buoy observations over
the ocean and from land-based observations. Flight-lev-
el and dropsonde data from NOAA's P-3 aircraft on 2
February refined the analyses at 1200 and 1800 UTC
over the data-sparse eastern Pacific. GOES-retrieved
winds (shown in Fig. 4), and the SSM/I products, pro-
vided additional constraints. Surface frontal positions
were based on surface time series traces, cross sections
constructed from the rawinsondes and the P-3, coastal
wind-profiler data, and satellite-derived products. (For
brevity, the cross sections and sounding analyses are not
shown.) A meso-a-scale snapshot of this storm along
the California coast during a key period is shown (Fig.
5), followed by an accumulated rainfall analysis (Fig.
6).

The SLP analyses and infrared satellite imagery from
1200 UTC 2 February to 0600 UTC 3 February (Figs.
3, 4) show an evolving frontal wave with conjoined cold
and warm fronts situated east of a trailing cold front.
The storm’s cloud field remained somewhat disorga-
nized, never acquiring a classical wrapped-up comma-
cloud configuration typical of intense cyclones. Baro-
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clinic cloud-leaf development associated with a warm
conveyor belt (e.g., Carlson 1991) coincided with the
frontal wave, and the evolving but ill-defined comma
head marked the location of a deep-tropospheric polar
vortex and the eventual surface cycloneposition. Lower-
tropospheric feature-tracked winds could not be re-
trieved in the heart of the storm environment because
of high clouds.

The storm had a complex structure and evolution.
Between 1200 and 1800 UTC 2 February (Figs. 3a—b),
the P-3 documented a mesoscale cyclone that rapidly
developed and then decayed at the cusp of the frontal
wave offshore of California. Thereafter (Figs. 3b—d),
cyclogenesis occurred along the trailing cold front over
the open waters. The P-3 also recorded (not shown)
complex thermodynamic and kinematic structures, in-
cluding the presence of multiple cold fronts, as seen in
another coastal storm (Chien et al. 2001). The P-3 data
also confirmed the presence of aLLJ (~37 ms?tatl
km MSL) transporting subtropical moisture (mixing ra-
tio >10 g kg~*) northward ahead of the leading cold
front in the frontal wave’swarm sector. Thiswave struck
California on 2 and 3 February (Figs. 3 and 4) and was
primarily responsible for the severe weather problems
on the coast.

On the meso-a-scale (Fig. 5), the subtropical warm
sector covered most of California at 0330 UTC 3 Feb-
ruary, as the warm front moved northward toward
Oregon and theleading cold front approached California
from the west. Synoptic-scale forcing was weak in the
warm sector relative to these flanking frontal regions.
Coastal wind-profiler observations at 1000 m MSL
clearly resolved a south-southeasterly low-level jet (25—
33 m s~1) ahead of the leading cold front. A fortuitous
SSM/I overpass at 0348 UTC covered the entire coastal
zone and documented the IWV distribution in the storm
environment. A plume of IWV exceeding 3 cm roughly
paralleled the leading cold front on its warm side, and
a local maximum of >4 cm was situated where the
record flood in Pescadero Creek occurred in the western
Santa Cruz Mountains 6 h later. It should be noted that
the reliability of IWV retrievalsisreduced in rain (e.g.,
Wentz 1997), and within ~25 km of the coast. Because
the area of =4 cm IWV extended >100 km offshore
(Fig. 5), it likely reflected a true local maximum.

An analysis of accumulated rainfall from the 45-h
period between 0300 UTC 2 February and 0000 UTC
4 February 1998 is shown for California’s central coast
(Fig. 6). The most striking characteristic of thisanalysis
is the heavy rain that fell in the coastal mountains, thus
implying that orographic forcing contributed signifi-
cantly to the rainfall in the higher terrain. The Santa
LuciaMountainswere inundated with 200-350 mm, and
the Santa Cruz Mountains received >150 mm (deter-
mined, in part, using radar reflectivity data—see section
5b). Prominent rainfall minima, or rain shadows, were
observed downstream (i.e., NE) of the Santa Lucia and
Santa Cruz Mountains.
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Fic. 4. NOAA GOES infrared satellite images with frontal positions at (a) 1200 UTC and (b) 1800 UTC 2 Feb; and (c) 0000 UTC and
(d) 0600 UTC 3 Feb 1998. Satellite-derived feature-tracked winds below 600 mb are shown [wind flags and barbs are as in Fig. 3; color-
coded key in (d)]. The coastal wind-profiler array is defined by the string of triangles along the West Coast. Panel (b) includes P-3 flight
legs time-to-space adjusted to 1200 UTC 2 Feb: blue line, upper-level leg (~400 mb); red line, low-level leg (below 850 mb).

4. Rainfall and hydrological observationsin
adjacent water sheds

This section describes the rainfall and flooding that
was observed during the 2-3 February storm in four
adjacent watersheds on the southwestern flank of the
Santa Cruz Mountains through four key stream gauges
[i.e,, Pescadero (PES), San Lorenzo (SLO), Soquel
(SOQ), and Corralitos (COR); see Fig. 2b for locations].
Rainfall and streamflow traces from each of these wa-
tersheds are shown (Figs. 7 and 8). These traces are
from a rain gauge and a stream gauge in the upper and

lower portion of each watershed, respectively.? To place
these observationsin the proper meteorological context,
annotations highlight the surface passage of the warm
front and the narrow cold-frontal rainband (NCFR; e.g.,
Parsons 1992) associated with the leading cold front.
The time between the warm front and NCFR represents

2 Because there were no usable rain gauges in the upper Pescadero
Creek watershed during this event, the nearest gauge (LTP; see Fig.
2 for location) was used. Reflectivity data from the MUX WSR-88D
radar showed that the LTP trace reasonably represented rainfal in
the upper Pescadero watershed.
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Fic. 5. Wind-profiler observations at 1000 m MSL (wind flags and
barbs are as in Fig. 3), and interpolated surface frontal positions, at
0330 UTC 3 Feb 1998. The SSM/I overpass (gray-shaded swath) at
0348 UTC: dashed contours, vertically integrated precipitable water
vapor (cm). The wind profilers (PPB, NPS) and WSR-88D radar
(MUX) within the inset domain are labeled; this domain is used in
Figs. 2a and 6.

the duration of the warm sector that is the focus of this
study.

Each rain trace (Fig. 7) indicates that relatively light
stratiformrain (~1 mmh-1) fell prior to the warm front,
followed by a period of heavier rain (~10 mm h-1)
during the warm-frontal passage. Heavy rain also strad-
dled the leading cold-frontal passage (i.e., NCFR), and
a subsequent cessation in rainfall occurred prior to 0000
UTC 4 February. The primary difference in the char-
acter of these traces resides within the warm sector.
Specifically, heavy rain persisted in the warm sector
only at the westernmost gauge (LTP), whereas the
warm-sector rainfall abated at the three eastern gauges.
This lull increased from ~5 to 7 h from west (BND)
to east (EKN). WSR-88D radar observationsfrom MUX
confirmed the persistence of warm-sector rains only in
the western Santa Cruz Mountains. Rainfall character-
istics in the Santa Cruz Mountains during the warm-
frontal passage and in the warm sector are discussed in
more detail in section 5. The discussion here focuses
on the crucial 6-h warm-sector period between 2200
UTC 2 February and 0400 UTC 3 February (gray shad-
ing in Figs. 7, 8) when synoptic forcing was weak (i.e.,
warm-frontal rain ended over the Santa Cruz Mountains
at ~2200 UTC and cold-frontal rain did not start until
~0400 UTC).

r37.5

r37.0

36.5

=+ Wind profiler
€ NEXRAD

A Stream gauge
® Rain gauge
O NWS Sounding

L 200 \
3.0 | 100 | 45-h accumulated rainfall (mm)
03Z 2 Feb 98 - 00Z 4 Feb 98

-12]2.0

FiG. 6. Terrain base map showing the observing systems[asin Fig.
2(a)] and a 45-h accumulated rainfall analysis (mm) between 0300
UTC 2 Feb and 0000 UTC 4 Feb 1998. The dashed 150-mm contour
over the Santa Cruz Mountains is an estimate of the rainfall based
partly on radar reflectivity observations from MUX. The inset box
defines the domain of Figs. 2b and 16.

Even though rainfall associated with the 2—-3 February
storm spanned 45 h, a very significant period, hydro-
logically, occurred in a narrower time window. The
streamflow traces in Fig. 8 focus on this narrower win-
dow. Because heavy rains fell in the Santa Cruz Moun-
tains the previous month (325-533 mm), it isreasonable
to assume that the soil was saturated (or at least nearly
so) and that a majority of the rainfall during this storm
resulted in runoff. In these conditions, the streamflow
behavior for a particular watershed depends primarily
on the size of the watershed, the areal distribution of
rainfall within it, and the time over which the rainfall
occurs (Linsley et al. 1986). The four watersheds shown
in Fig. 2b range in size from 72 to 275 km? (upstream
of the stream gauges), so the streamflow response to
rainfall should vary somewhat from one to the other.
Nevertheless, the response time of these watersheds dur-
ing this storm was similar, roughly 2-3 h (the term
response timeis used here to represent the time required
for changes in rain rate over the watershed to be man-
ifested by changes in streamflow at the stream gauge).
Therain tracesin Fig. 7 provided a reasonable estimate
of basinwide rainfall in each of the four watersheds, as
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frontal rainband (NCFR) at the surface at each site. The vertical gray-
shaded bar identifies a crucial time period in the warm sector
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determined by the MUX radar. Accordingly, thesetraces
will be compared to corresponding streamflow data.

Streamflow in each watershed (Fig. 8) crested in re-
sponse to the heavy cold-frontal rainfall (Fig. 7). The
unique character of the observed warm-sector rainfall
in the Pescadero Creek watershed (see LTP) relative to
the three eastern watersheds is also reflected in the
streamflow. Notably, Pescadero Creek rose steadily dur-
ing the warm sector in response to the continuous warm-
sector rainfall in the western Santa Cruz Mountains,
whereas the streams to the east subsided during acrucial
4—6-h period in the warm sector in response to the lull
in warm-sector rains there.

The measured traces in Fig. 8 are shown with traces
that have been normalized with respect to the record
flood observed in each watershed based on 45-50 yr of
data. The normalized hydrographs show that the Pes-
cadero flood peak was its record flood and that the peak
followed the NCFR. The adjacent watershed at SLO,
however, attained only ~64% of its all-time record flow
during the same post-NCFR period. The flood at SLO
was only the fourth largest at this gauge. Hence, it is
hypothesized here that the period when warm-sector
rainfall abated within the highly populous San Lorenzo
watershed (Fig. 7b) reduced the severity of its flood
(Fig. 8b), whereas the persistence of warm-sector rains
in the adjacent, but sparsely populated, Pescadero wa-
tershed (Fig. 7a) contributed substantially to its flood
reaching record status (Fig. 8a). Farther east, the Soquel
and Corralitos watersheds experienced peak post-NCFR
flows that were even less significant (<40%) relative
to their all-time records. The flood at these two gauges
did not even rank in the top 10, quite likely because of
the long lull in warm-sector rainfall in these watersheds
(see section 5).

Stream gauge data from four runoff events on Pes-
cadero Creek are used in appendix A to estimate what
fraction of the record peak flow on Pescadero Creek at
0945 UTC 2 February was the result of runoff from
rainfall that occurred during the warm-sector period
from 2200 UTC 2 February to 0400 UTC 3 February.
Although it was 5.75 h between the end of this period
and the time of peak flow, ~26 = 9% of the peak flow
was attributable to this 6-h period. Without the contri-
bution of this runoff, the peak flow would have been
between the third- and sixth-highest flood on Pescadero
Creek.

5. The impact of coastal orography on rainfall
distributions

Observations are now presented to demonstrate how
the mesoscal e distribution of warm-sector rainfall in the

between 2200 UTC 2 Feb and 0400 UTC 3 Feb. The rain gauge at
LTP ceased operating at 0615 UTC 3 Feb when cold-frontal rain was
falling.
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Santa Cruz Mountains was modulated by the locally
complex terrain. This includes documenting the oro-
graphic enhancement of precipitation on the windward
slopes, the presence of a nearly perfect rain shadow in
the lee of a coastal range, and the orientation of the
lateral edge of this rain shadow relative to the key wa-
tersheds in the Santa Cruz Mountains.

a. Orographic rainfall enhancement in the cyclone
warm sector

Wind-profiler and rain gauge data at PPB and rain
gauge data at Three Peaks (TPK; Fig. 2a shows loca-
tions) help document the mesoscal e features impacting
the coastal zone on 2-3 February (Fig. 9). A time-height
section of hourly wind profiles and upslope-component
isotachs (Fig. 9a) shows the temporal descent of warm-
frontal shear from ~4 km MSL at 1200 UTC 2 February
to the surface 6 h later, followed by enhanced upslope
flow in the warm sector. The surface passage of the
leading cold front at 1000 UTC 3 February marked the
end of the warm sector. The trailing cold front passed
~3 h later. Hourly wind profiles from the NPS profiler
and the MUX radar (not shown) revealed very similar
structures, albeit with slight timing differences. Light
rain preceded the warm front, while the heaviest rain
fell with the leading cold front (Figs. 9b,c). Frontal forc-
ing likely contributed significantly to this rainfall, be-
cause the rain accompanied the fronts at both the coast
(PPB, 11 m MSL) and in the downstream mountains
(TPK, 1021 m MSL). In contrast, only the mountain
site (TPK) recorded heavy rain with the surface warm-
frontal passage and continuous rain in the warm sector.
The ~6:1 ratio in warm-sector rainfall between TPK
and PPB (only 22 km apart) highlights the orographic
rain enhancement in the warm sector, and the lack of
warm-sector rainfall at PPB indicates that the warm sec-
tor had weak synoptic forcing. Previous studies (e.g.,
Lowndes 1968; Browning et al. 1974; Hill and Brown-
ing 1979; Hill 1983) have shown that the heaviest oro-
graphic rains often occur within potentially unstable
maritime warm sectors that do not contain significant
large-scale lift, because the potential instability is pre-
served until acted upon by orographic lift. The P-3 data
offshore revealed potential instability in the warm sector
below ~4 km MSL in this case.

To quantify theimpact of orographic forcing onrainfall
within the warm sector of this storm, a correlation anal-
ysis was conducted between upslope flow at PPB and
rain rate at TPK using the technique of Neiman et al.
(2002). Based on their finding that the upsiope layer near
~1 km MSL (i.e., near mountaintop) optimally controls
orographic rainfall in California’s coastal mountains, a

—

1955 at COR. These sites are shown in Fig. 2. The vertical dashed
lines and gray-shaded bar are as in Fig. 7.
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aged and then presented in (c). (b) Time series of accumulated rainfall
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(a)] and corresponding hourly rain rate at TPK. The 20-h correlation
coefficient between these two traces (r = 0.91) is shown. The vertical
dashed lines in (b) and (c) mark the times of frontal passage at the
surface; (a)—(c) the vertical gray-shaded bar is as in Fig. 7. Site
locations are given in Fig. 2a.

linear correlation analysis was carried out using layer-
mean profiler wind measurements between 0.6 and 1.4
km MSL that straddled the top of the Santa Cruz Moun-
tains and lay just beneath the top of the Santa Lucia
Mountains (see Fig. 9a8). The time window used in the
correlation analysis (Fig. 9c) ends with the leading cold
front, where frontal forcing dominated. A strong corre-
lation of 0.91 was present in the warm sector. Asaresult,
83% of the hour-to-hour variability in warm-sector rain
rate at TPK is attributed to linear changes in the upslope
component of the flow impacting the coastal mountains.
Because the same synoptic conditions existed over the
Santa Cruz Mountains, and the persistence of warm-sec-
tor rainfall at LTP was similar to that at TPK, it is con-
cluded that the warm-sector rain that fell on the Pescadero
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2-3 Feb 1998 22-04 UTC: Mean Reflectivity
. 0 T
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Fic. 10. The 6-h mean reflectivity (dBZ; see scale) based on the
compositing of all 0.5°-tilt scans between 2200 UTC 2 Feb and 0400
UTC 3 Feb 1998 from the WSR-88D radar at MUX. The PPB and
NPS wind-profiler sites and TPK and UMN rain gauge sites are also
shown. The dashed inset box defines the domain of Figs. 2b and 13.

Creek watershed was aso primarily orographically
forced.

A plan-view of the rainfall within the core of the
warm sector over the coastal mountains is provided in
the 6-h mean reflectivity derived from the WSR-88D
radar at MUX ending at 0400 UTC 3 February (Fig.
10). This 6-h time window corresponds to the crucia
period when the warm-sector rainfall abated in the cen-
tral and eastern Santa Cruz Mountains. Orographic rain-
fall enhancement was clearly observed by the radar over
the Santa Lucia and western Santa Cruz Mountains, al-
though the heavy rainfall at TPK was not well sampled
because the lowest scan mostly overshot the rather shal-
low echoes at this extended range (>100 km). Distinct
rain shadowing was present downstream (north) of the
Santa Lucia Mountains over NPS and in the eastern
Santa Cruz Mountains. Echoes offshore marked the
heavy cold-frontal rains approaching the coast at the
end of the averaging period. The possibility that a non-
orographically forced rainband stalled over the western
Santa Cruz Mountains and contributed to the heavy rain
was ruled out based on detailed examination of rain
gauge and WSR-88D data. The fortuitous proximity of
the MUX radar to the orographic rainfall enhancement
in the western Santa Cruz Mountains (~23 km) pro-
vided quantitative precipitation estimates (QPE; pre-
sented later) without brightband contamination at the
low altitudes sampled.
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Fic. 11. (a) The 6-h mean profiles of wind direction (with std dev bars) and speed between 2200 UTC 2 Feb and 0400 UTC 3 Feb 1998
from PPB, NPS, and MUX (see key). (b) Cross section of terrain along AA’ in Fig. 2a. The 6-h rainfall totals at PPB, TPK, NPS, BAC,
and UMN are shown. The bold arrow and velocity information in (b) is the 6-h layer-mean wind velocity measured by the PPB wind profiler

between 0.6 and 1.4 km MSL (gray-shaded bar).

b. The Santa Lucia rain shadow

During the 6-h period when orographically forced
warm-sector rainfall in the Santa Cruz Mountains was
observed primarily along its western flank (Figs. 7, 10),
the layer-mean wind in the 800-m-deep layer at PPB
that controlled the orographic forcing (dark-shaded rect-
angle in Fig. 9a) was 25.4 m s from 169° with a
standard deviation in wind direction of 8°. The oro-
graphic rainfall maximum was situated west of a flow-
parallel line that emanated from the northwestern tip of
the Santa Lucia Mountains (Fig. 2a); this north-north-
westward-pointing line represents the regionwide moun-
taintop flow orientation since the 6-h-averaged wind-
direction profiles from PPB, NPS, and MUX within the
800-m-deep controlling layer were nearly identical (Fig.
114). To the west of thisline, moist low-level air directly
ascended the Santa Cruz Mountains from the open ocean
during this 6-h period. As a result, extreme orographic
enhancement of rainfall occurred over the western flank
of the Santa Cruz Mountains (Fig. 12a) between the
coastal rain gauge at DAP (3 m MSL) and the mountain
gauge at LTP (384 m MSL), similar to that observed at
the TPK—PPB couplet (Fig. 9b). The lack of rainfall at
DAP highlights the weak synoptic forcing over the re-
gion during this period. To the east of thisline, the low-
level flow initially encountered the Santa Lucia Moun-
tains, causing heavy orographic rains there, before de-
scending the steep lee side where a rain shadow ex-

tended downstream over the central and eastern Santa
Cruz Mountains (Figs. 10, 11b). Figure 11b shows a
20-fold orographic enhancement in 6-h rainfall between
the coast and the initial crest of the Santa Lucias at
TPK, and a profound rain shadow downstream of the
Santa Lucias at NPS, where no rain fell during this
period. Because of rainout over the Santa Lucia range,
the downstream mountain site at UMN (942 m MSL)
received only 16 mm of rain in 6 h, or just 29% of that
observed at TPK at a comparable altitude (Fig. 11b).
Similarly, the orographic rainfall enhancement in the
dessicated airstream ascending the eastern Santa Cruz
Mountains between BAC and UMN (Fig. 12b) was less
than that in the airstream impacting the western Santa
Cruz Mountains (Fig. 12a). Because the airstreams on
either side of thisline possessed fundamentally different
histories, this line represents a dividing streamline orig-
inating from the westernmost portion of the Santa Lu-
cias.

Although the rain gaugesin the Santa Cruz Mountains
provided valuable quantitative information highlighting
the influence of the dividing streamline on the 6-h warm-
sector rainfall distribution, the spacing of these gauges
was too coarse to capture the orographic rainfall max-
imum observed in the western Santa Cruz Mountains
by the fortuitously positioned WSR-88D S-band radar
at MUX (Fig. 10). To fill this critical observational gap
in rain gauge data, an appropriate reflectivity—rain-rate
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the coastal and mountain sites.

(Z-R) relationship was applied to the 6-h mean radar
reflectivity analysis within the inset box of Fig. 10. The
Z-R relationship used [Z = 118R'S, where Z is reflec-
tivity (mm® m~2) and R is rain rate (mm h-)] was
derived from the analysis of experimental, vertically
pointing, S-band radar data and collocated rain gauge
data collected in the coastal mountains northwest of San
Francisco during this same storm (not shown). It was
assumed that the coastal mountain rainfall near MUX
possessed similar microphysical attributes.® The result-
ing 6-h QPE (Fig. 13a) show heavy orographic rainfall
(30—48 mm) localized over the western half of the San
Lorenzo watershed to the west of the dividing stream-
line. Rainfall was much lighter to the east of this stream-
line, including over the highest portion of the Santa Cruz
Mountains, within the rain shadow. Because the pop-
ulous San Lorenzo watershed is contained in a 20°
wedge whose apex originated from the westernmost por-
tion of the Santa Lucia Mountains, a =10° variation in
wind direction (which is greater than the observed 6-h
layer-mean standard deviation in wind direction of 8°)
would have placed the heavy orographic rains com-
pletely in or out of this populous watershed.

It is reasonable to assume that the 6-h period of light
rainfall east of the dividing streamline (see Fig. 13a)
accounted for the ~6-h decrease in streamflow observed
at the SOQ and COR stream gauges (Figs. 8c,d). How-

3 The experimental Z-R relationship provided a closer estimate of
the areawide rainfall in the vicinity of the Santa Cruz Mountains than
did the default WSR-88D Z-R relationship [Z = 300R'*; Fulton et
a. (1998)], which significantly underestimated the rainfall (see ap-
pendix B).

ever, west of the dividing streamline (Fig. 13a) the 6-h
QPE showed heavy rain primarily in the San Lorenzo
watershed, even though the streamflow subsided for 3
h at SLO and increased steadily at PES within this 6-
h period (Figs. 8a,b). This discrepancy suggests that the
position of the radar-estimated rainfall maximum was
situated too far south. To address this inconsistency, a
comparison was made between the QPE field and the
rain gauge data in the area. Correlation and rms error
analyses based on spatial shifts of the QPE pattern rel-
ative to the ground (appendix B) revealed aroughly 7.5-
km southward offset of the QPE field, given the un-
derestimate of rainfall north of the QPE maximum and
the overestimate to the south. This offset would result
from northward advection of hydrometeors as they fell
through the strong southerly flow between the altitude
of the radar beam and the ground. Measurements of the
horizontal wind speed in the key layer between 0.6 and
1.4 km MSL (Fig. 11a), combined with inferred hydro-
meteor fall speeds and vertical air motions, indicate that
such an offset isrealistic in its magnitude (appendix B).
The corrected position of the QPE rainfall maximum
placed it within the Pescadero Creek watershed (Fig.
13b) where the record flooding occurred. In short, the
strong low-level southerly flow forced the rainfall max-
imum to occur on the lee side of the east—west-oriented
ridge separating these two watersheds. This QPE result
illustrates the importance of downstream drift of hy-
drometeors when assessing the possibility of flooding
in adjacent watersheds in the LLJ. Incorporating the
advection of hydrometeorsinto NWS's new Flash Flood
Mapping Program could prove critical to operations
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FiG. 13. (a) Quantitative precipitation estimate QPE (mm, seescale)
for the 6-h period 2200 UTC 2 Feb to 0400 UTC 3 Feb 1998 based
on acoastal mountain Z-R relationship applied to the mean reflectivity
field shown in Fig. 12. (b) Asin (a) but for the QPE field advected
7.5 km downstream from 169°. (a), (b) 6-h rainfall totals (rounded
to the nearest mm) are next to the corresponding rain gauge sites
(bold dots). The four stream gauges labeled in Fig. 2b are also shown
here (open triangles). The Pescadero and San Lorenzo watersheds are
outlined. The bold dashed line marks the dividing streamline from
169° (see also Fig. 24).

(i.e., the existing algorithm would have placed the max-
imum rainfall in the wrong watershed).

These observations show that heavy orographic
warm-sector rain fell in the Santa Cruz Mountains to
the west of the 169° dividing streamline during the key
6-h period, and that this rain contributed significantly
to the flood reaching record status in Pescadero Creek
(see appendix A). Earlier, however, a ~2 h burst of
heavy rainfall occurred to the east of this streamline,
starting ~1 h before the surface passage of the warm
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Fic. 14. Time series traces of accumulated rainfall (mm) at LTR,
UMN, and GOY (sites shown in Fig. 2a). The traces at GOY, UMN,
and LTP begin at 1300, 1400, and 1500 UTC 3 Feb 1998, respectively.
The time coordinate is shifted for GOY and LTP to line up the warm-
frontal passage. The dark-shaded bar identifies the crucial time period
between 2200 UTC 2 Feb and 0400 UTC 3 Feb 1998, and the light-
shaded bar denotes the 2-h period that straddles the warm-frontal
passage at the surface. The time-averaged wind direction in the layer
between 0.6 and 1.4 km MSL is shown for each gray-shaded time
window.

front (Figs. 7b—d). The wind-profiler and rain gauge
analyses in Fig. 9 demonstrate the orographic character
of the heavy rain during the warm-frontal passage, and
also show the onset of this 2-h burst preceding the
warm-frontal passage at the surface. The 2-h burst com-
menced when enhanced upslope flow associated with a
moist, but short-lived, southwesterly airstream on the
warm side of the warm front descended through the 800-
m-deep controlling layer (Fig. 9a). Analyses of hourly
wind profiles from NPS and MUX (not shown) also
showed this descending tongue of enhanced south-
westerly component upslope flow. Because of the oro-
graphic nature of the forcing during this period, the
impact of the Santa Lucia rain shadow on the rainfall
distribution was considered. The ~2-h period of en-
hanced southwesterly component flow observed in the
controlling layer on the warm side of the warm front at
PPB, NPS, and MUX yielded a dividing streamline of
199° directed from the northwestern tip of the Santa
Lucias (Fig. 2d).

The impact of both dividing streamlines on the rain-
fall coverageisshowninFig. 14. During the brief period
of southwesterly flow that followed the warm-frontal
passage in the controlling layer aloft, sites west of the
199° dividing streamline (e.g., UMN) received a burst
of heavy rainfall when moist warm-sector air ascended
the Santa Cruz Mountains directly from the open ocean.
In contrast, sites east of the 199° dividing streamline
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(e.g., GOY) did not receive this burst because the warm-
sector airstream resided in the Santa L ucia rain shadow.
Later, heavy warm-sector rainfall abated during the 6-
h period to the east of the 169° dividing streamline
within the rain shadow (e.g., UMN) but continued to
the west of this streamline (e.g., LTP). The briefly heavy
warm-frontal rain and subsequent westward shift of the
dividing streamline accounted for the secondary peak
in streamflow shown in Figs. 8b—d. If the immediate
post-warm-frontal flow in the controlling layer had not
rotated from 199° to 169°, these watersheds and the city
of Santa Cruz would have received significant additional
rainfall and would have been at a heightened risk of
catastrophic flooding.

6. Climatological perspective on flooding in
adjacent water sheds

The earlier analysis highlightsthe sensitivity of flood-
ing in adjacent coastal mountain watersheds to the low-
level wind direction in awell-observed case study. This
section explores how thisis manifested in the long-term
records of flooding in these watersheds, including the
influence of short-term climate-scale variability asso-
ciated with the ElI Nifio-Southern Oscillation (ENSO).
This is accomplished by using a roughly 50-yr history
of streamflow data, global gridded tropospheric analy-
ses, and the multivariate ENSO index (MEI; Wolter and
Timlin 1993, 1998).

Many studies have investigated the connection be-
tween ENSO and California weather, including the im-
pact of ENSO on precipitation (e.g., Schonher and Nich-
olson 1989; Livezey et al. 1997; Dettinger et al. 1998;
Cayan et al. 1999) and streamflow (e.g., Kahya and
Dracup 1994; Cayan et al. 1999; Andrews et al. 2004).
These studies show a south-to-north decrease in anom-
alous winter-season rainfall and flooding during the
warm or El Nifio phase, and an opposite trend during
the cold or La Nifa phase. These trends are tied to the
large-scale weather patterns over the eastern Pacific. For
example, the subtropical and polar jet streams are often
displaced southward and eastward during El Nifio con-
ditions (e.g., Rasmusson 1985; Cayan and Webb 1992;
Livezey et a. 1997), resulting in an anomal ous southern
storm track that most heavily impacts southern Cali-
fornia.

The following discussion relating flooding in adjacent
watersheds to climate-scale variability is based on an
analysis of streamflow data first presented in Andrews
et al. (2004). They determined the magnitude and date
of the annual peak flood (defined as the largest yearly
streamflow episode at each site) for each of ~50 yr at
each of 38 stream gauges in California’s coastal moun-
tains.* Then, for each annual peak flood at each site,

4 Coastal mountain streamflow data were used, because rainfall is
more sensitive to ENSO in California’s coastal mountains than in the
interior highlands (Schonher and Nicholson 1989).
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FiG. 15. Terrain base map showing the locations of the stream gauge
stations (A) in CA central-coast region. The normalized El Nifio flood
magnitude for a 5-yr flood, based on recorded annual peak flows for
El Nifio and non—El Nifio conditions, is shown in parentheses next
to each station name. The second number in each pair of parentheses
is the year that data were initialy recorded at that site; all sites
gathered data through 2000. The wind-profiler site at PPB is shown.

they categorized the concurrent MEI as either El Nifio
(MEI = 0.5) or non—El Nifio (MEI < 0.5). Finally, they
calculated a ratio at each site referred to as the nor-
malized El Nifio flood magnitude or R,. This ratio is
based on the relative magnitudes of the ElI Nifio and
non-El Nifio annual peak floods with an exceedence
probability of 0.20 (i.e., floods with an average 5-yr
return interval) at each site (Qq and Q,, respectively).
The value R, ranges from 2 when El Nifio flooding
dominates to 0 when non-El Nifio flooding dominates,
and equals 1 when flooding in these two ENSO regimes
are the same magnitude. The value R, decreased from
nearly 2 in the south to only ~0.8 in the north, thus
revealing that flood events whose discharges equaled
the magnitude of a 5-yr flood were tied to El Nifio and
non—El Nifio conditionsin coastal southern and northern
California, respectively. Their linear regression fit for
R, versus latitude yielded a correlation coefficient of
0.95, that is, latitude explained 90% of the south-to-
north variation in the normalized El Nifio flood mag-
nitude across coastal California. Two outlying data
points were excluded from this correlation analysis: So-
quel (SOQ) and Corralitos (COR) in the eastern Santa
Cruz Mountains.

Figure 15 shows the general south-to-north decrease
in R, across the central California coast, except for the
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outliers at SOQ and COR. These sites were the only
two south of ~39.5° latitude where the magnitude of
the 5-yr El Nifo flood was less than the 5-yr non-El
Nifio flood. As shown in the following, these outliers
provide the link between climate-scale variability as-
sociated with ENSO and orographically generated flood-
ing in the Santa Cruz Mountains. Thislink is established
using composite analyses from daily global gridded data
from the National Centers for Environmental Predic-
tion—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis project (e.g., Kalnay et al.
1996). Composites were created for EI Nifio conditions
(MEI = 0.5) and for non-El Nifio conditions (MEI <
0.5). For each annual peak flood at each of the stream
gauges in Fig. 15, the daily gridded data for the day of
the flood and the day preceding the flood were included
in the composites. If more than one stream gauge mea-
sured an annual peak flood on the same date, the cor-
responding gridded data were included in the appro-
priate composite only once. A total of 86 and 194 daily
gridded analyses were used in the El Nifio and non-El
Nifio composites, respectively.

To characterize the difference in the mean direction
of the low-level flow impacting the coastal mountains
during the El Nifio and non—EIl Nifio annual peak floods,
925-mb geopotential height (i.e., geostrophic flow) com-
posites were constructed (Figs. 16a,b). Before discuss-
ing these composites, however, it is important to rec-
ognize that the 925-mb geostrophic wind direction can
differ from the actual wind direction along the Califor-
nia coast during landfalling storms due to ageostrophic
processes such as surface friction and blocking by coast-
al mountains. For example, a mesoscale ageostrophic
barrier jet often develops in response to the blocking of
low-level flow upstream of quasi-two-dimensional
mountain ranges (e.g., Parish 1982; Marwitz 1987;
Overland and Bond 1995; Doyle 1997; Yu and Smull
2000). Thus, the observed low-level flow during land-
falling storms s typically rotated counterclockwise rel-
ative to the geostrophic flow, as the following compar-
ison reveals. The mean wind direction at ~925 mb re-
corded by the PPB wind profiler during all major rain
events from the El Nifio winter of 1997/98 was 203,
whereas the composite 925-mb geostrophic flow for
these same eventswasfrom 227°. Because this 24° of fset
is aresult of ageostrophic processes (e.g., blocking and
surface friction) that are present independent of ENSO’s
phase, to a first order this offset is assumed to apply to
other years used in the composites.

The 925-mb geopotential height composite for El
Nifio years (Fig. 16a) yielded a geostrophic wind di-
rection of 227° over the Santa Cruz Mountains, identical
to the composite flow based on the rain events from the
El Nifio winter of 1997/98. In contrast, the non—El Nifio
composite (Fig. 16b) resulted in a geostrophic flow from
241°. This difference is consistent with the observation
that storm circulations during developed El Nifo epi-
sodes tend to be more meridional than those during non—
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EIEI Nifio episodes (e.g., Rasmusson and Wallace 1983;
Webb and Betancourt 1992). Assuming the observed
flow was rotated counterclockwise by 24° relative to the
geostrophic flow (see previous paragraph), this com-
positing result provides an explanation for the gradient
of R, between PES and COR, and for the anomalous
response of flooding at SOQ and COR to the ENSO
state. Namely, the mean low-level meridional flow that
accompanies storms during El Nifio impacts the SOQ
and COR watersheds only after moisture in this air-
stream has been depleted by orographic ascent over the
Santa Lucia Mountains, whereas the more zonal low-
level flow that accompanies storms during non—El Nifio
conditions results in a direct fetch from the ocean into
these watersheds. Hence, the eastern Santa Cruz Moun-
tains have peak streamflows that are anomalously low
due to rain shadowing during El Nifio years (MEI =
0.5) and anomalously high during non-El Nifio years
(MEI < 0.5).

The PES and SLO watersheds in the western Santa
Cruz Mountains experience unobstructed onshore flow
in both ENSO regimes. However, the 925-mb composite
geostrophic wind speed is 20% greater during El Nifio
conditions (Figs. 16a,b), resulting in stronger orographic
forcing of rainfall (Neiman et al. 2002). Additionally,
the 925-mb composite temperature and mixing ratio are
0.3°C and 0.2 g kg—* greater during El Nifio conditions,
and the 1000-700-mb lapse rate is 0.4°C steeper.
Though the magnitude of these thermodynamic differ-
ences is not large, Persson et al. (1999) showed that
similar low-level enhancements observed during the
landfall of this storm in southern Californiaresulted in
a26% increase in convective available potential energy.
Therefore, the El Nifio phase of ENSO is characterized
by large-scale conditions that are more favorable for
orographic rainfall enhancement, consistent with the
long-term streamflow observations that favor flooding
at PES and SLO during El Nifio episodes. These results
suggest that the ENSO-dependent large-scale thermo-
dynamic and wind speed conditions at low levels play
a primary role in modulating flooding at PES and SL O,
whereas the ENSO-dependent low-level wind direction
(and, therefore, the position of the dividing streamline)
is primarily responsible for modulating flooding at SOQ
and COR.

Having linked ENSO to annual peak flooding in four
adjacent watersheds of the Santa Cruz Mountains, ad-
ditional composite analyses are presented to determine
the low-level flow associated with the largest floods in
these watersheds. Using the same compositing tech-
nique as previously, an additional composite pair was
created to characterize the mean difference in 925-mb
flow impacting the PES and COR watersheds during all
flooding events surpassing the 5-yr flood threshold (a
total of 12 and 7 floods, respectively). The composite
geostrophic wind direction associated with the largest
floods at PES (225°; Fig. 16c) was very similar to that
observed during El Nifio conditions (227°; Fig. 16a),
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(a) 925 mb composite heights (m)
for El Nino annual peak floods

Composite data:
Santa Cruz Mtns

DIRgp5 = 227 deg

SPDgps = 13.2m ™’

Tg2s =9.4°C

qoz5 = 6.4 g kg™

71000_700 =16.1°C

(b) 925 mb composite heights (m)
for non-El Nino annual peak floods

Composite data:
Santa Cruz Mtns
DIRg2s = 241 deg
SPDgps5=11.1m s
T925 =9.1°C
Qoz5=6.2g kg™
Y1om,700 = 15.7°C
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(c) 925 mb composite heights (m)
for 25-year floods at PES

(d) 925 mb composite heights (m)
for 25-year floods at COR

600

138 132 126 120 114

138 132 126 120 114

Fic. 16. Composite 925-mb geopotential height fields (m) based on the NCEP-NCAR reanalysis global gridded dataset during: (a), (b)
the annual peak flood at each of the eight stations in Fig. 15 for El Nifio and non—El Nifio conditions; and (c), (d) during all streamflow
events surpassing the 5-yr flood threshold at PES and COR. (a)—(d) The white dot marks the location of the Santa Cruz Mountains. (a), (b)
The tables contain composite data at 925 mb (DIR,,s = geostrophic wind direction, SPD,s = geostrophic wind speed, T, = temperature,
(os = Mixing ratio), and composite lapse-rate data between 1000 and 700 mb (7y,000700), fOr the Santa Cruz Mountains. Lat and lon labels

at left and bottom.

and the composite direction accompanying the largest
floods at COR (242°; Fig. 16d) mirrored the non—El
Nifio value (241°; Fig. 16b). These results further high-
light the sensitivity of long-term flooding characteristics
in adjacent watersheds to the direction of the low-level
flow.

It should be noted that the NCEP-NCAR reanalyses
can miss potentially important mesoscale details (e.g.,

LLJs, frontal circulations, convection). However, the
composites of these reanalyses are generally consistent
with the case study results, thus suggesting that the com-
posites have captured critical elements of the conditions
modulating peak streamflows in the Santa Cruz Moun-
tains. Long-term wind-profiler observationsin thisarea,
hopefully lasting several ENSO cycles, have been ini-
tiated to observe the variation of the ENSO-dependent
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FiG. 17. Conceptual representation of the dividing streamline separating a moist low-level airstream that
directly ascended the western Santa Cruz Mountains from the open ocean and a desiccated low-level
airstream within the Santa L uciarain shadow that ascended the eastern Santa Cruz Mountains. Thelocations
of the WSR-88D radar at MUX and the wind profilers at NPS and PPB are shown, as are scaled 6-h-
averaged wind vectors between 2200 UTC 2 Feb and 0400 UTC 3 Feb 1998 from these sites. The red

dashed lines enclose the San Lorenzo watershed.

low-level wind characteristics and their impacts on peak
streamflow.

7. Conclusions

Analyses of experimental and operational data col-
lected during the major landfalling storm of 2-3 Feb-
ruary 1998 during the California Land-falling Jets Ex-
periment (CALJET; Ralph et al. 1999) are used to de-
scribe the role of orographic processes in modulating
flooding in the Santa Cruz Mountains on the California
coast. Significant differences in the magnitude of flood-
ing on adjacent watersheds were attributed to the influ-
ence of arain shadow that occurred during a 6-h period
within the warm sector of the storm. This period was
characterized by highly efficient orographic rainfall en-
hancement on windward slopes [as documented using
NOAA/ETL's experimental wind-profiler array and
techniques developed by Neiman et al. (2002) that iden-
tified a controlling layer at ~1 km MSL for orographic
rain] and by a prominent rain shadow on the lee side
of the Santa Lucia Mountains. The rain shadow was
especially well defined in rain gauge and WSR-88D
radar data, similar to that observed in an eastern U.S.
storm by Brady and Waldstreicher (2001).

The combination of the local terrain orientation and

the roughly southerly flow direction in the controlling
layer created a dividing streamline marking the lateral
(western) boundary of the rain shadow cast by the Santa
Lucia Mountains upon the Santa Cruz Mountains (Fig.
17) during the key 6-h period within the warm sector.
East of where this streamline crossed the Santa Cruz
Mountains, a 4—6-h cessation of rainfall was observed,
and flooding was less severe than to its west. West of
thisline, in the Pescadero Creek watershed, rainfall con-
tinued throughout this key period. Based on multiple
wind-profiler observations of wind direction, which
agreed to within +=1°, and on rain gauge and WSR-88D
radar data, it was found that the dividing streamline
bisected the next watershed to its east, which is the
heavily populated San Lorenzo Creek watershed. If the
wind direction controlling the orientation of the dividing
streamline was rotated clockwise by only afew degrees,
the San Lorenzo Creek watershed and the city of Santa
Cruz would have received significantly more rain, thus
increasing the risk of catastrophic flooding. Conversely,
acounterclockwise rotation of afew degreeswould have
lessened the Pescadero Creek flood. Without the rainfall
from this 6-h period, the peak flow on Pescadero Creek
would have been 26 = 9% lower than it was (i.e., third-
to sixth-highest flood rather than first).

The conclusions of the detailed case study were used
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to explore the connection between local flooding vari-
ability and larger-scale conditions influenced by ENSO.
Specifically, 50 yr of streamflow data from California’s
coastal mountains were examined to select key flood
events for inclusion in composite analyses of 925-mb
height patterns from the NCEP-NCAR reanalysis data.
This approach confirmed that prominent case study ev-
idence for wind—rainfall relationships and variable flow-
dependent impact of the rain shadow cast across the
Santa Cruz Mountains by the upstream (more southern)
Santa Lucia range on 2—3 February are also expressed
in the climatological record over multiple ENSO peri-
ods. The phase of ENSO impacted the probability of
flooding quite differently on the western and eastern
sides of the windward slope of the Santa Cruz Moun-
tains. The western watersheds were found to have their
greatest floods during El Nifio events (MEI > 0.5),
while the eastern watersheds peaked during non—El
Nifio episodes (MEI < 0.5). These results are consistent
with the case study in that the composite 925 mb, me-
ridionally oriented wind direction during El Nifios fa-
vors arain shadow over the eastern watersheds. During
non—El Nifio periods, the composite wind direction is
more zonal such that the sheltering effect of the Santa
Luciarain shadow on the eastern watersheds of the San-
ta Cruz Mountains is greatly reduced, whereas weaker
winds, less water vapor, and stronger stratification re-
duce the peak runoff in the western watersheds.

This study explored the mechanisms responsible for
modulating, on the scale of key coastal watersheds, the
precipitation and runoff in landfalling West Coast
storms, and illustrated the connection between weather
and short-term climate variations by describing how
these mechanisms are modulated by ENSO. This was
accomplished through the use of data gathered during
CALJET, which documented aflood of record near San-
ta Cruz in February 1998, and through examination of
the correlation between flooding and ENSO over several
decades. Although motivated by aseriousregional prob-
lem, the results presented here have bearing on many
areas around the globe, and shed light on processes that
lead to highly local variations in the relationship be-
tween the phase of ENSO and the occurrence of extreme
floods on individual watersheds. Significant future work
remains to explore this behavior in other regions and to
assess the predictability relative to the need to forecast
wind direction as accurately as +10° (this study), or
even as precisely as +1° (Nuss and Miller 2001).
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APPENDIX A

The Contribution of Warm-Sector and Warm-
Frontal Rainfall to the Flood Peak During
Pescadero Creek’s Record Flood on 3 February 1998

The analysis presented in this appendix explores how
much of the record flow in Pescadero Creek at 0945
UTC 3 February 1998 was a result of rain that fell: (a)
during a key 6-h period of orographic forcing (i.e., be-
tween 2200 UTC 2 February and 0400 UTC 3 February)
within the warm sector of the storm when the adjacent
San Lorenzo watershed was partialy within the rain
shadow created by the Santa Lucia Mountains as de-
scribed in section 5, and (b) during the warm-frontal
period of the storm (ending at 2200 UTC 2 February).A*
This analysis is conducted under the assumption that
the total time-dependent runoff [S.(t)] is the sum of
contributions of streamflow attributable to rainfall dur-
ing thewarm-frontal period [S,;(t)], during the non-rain-
shadowed, orographically forced warm sector [S,.(1)],
and during the pre-cold-frontal and cold-frontal rain-
bands after 0400 UTC 3 February [S;(1)]:

Sa(t) = Su(® + Su) + Su(O. (AD)

The “‘response time’” of the Pescadero watershed to
changes in rain rate is roughly 2-3 h, based on the
inspection of hydrographs and companion rain traces
during a number of rain events. Furthermore, the de-
crease in runoff after the flood peak (i.e., the “‘reces-
sion”) is typically significantly slower than its rise be-
fore the peak. This behavior isillustrated clearly in Fig.
A1, showing four normalized runoff events, and amean
of these normalized events, on Pescadero Creek that led
up to and included the 2—-3 February 1998 flood. The
asymmetry results from many causes, including the fact
that runoff flows more slowly through the soil than
above ground and that this subsurface flow continues
to enter the stream and its tributaries even well after the
rain stops. However, the recession rate can also vary
significantly due to a number of other factors, including

AL Though the warm front moved northward beyond the Pescadero
Creek drainage at ~2100 UTC 2 February (see Figs. 7a and 8a), for
the purpose of simplifying the present discussion we consider the
rainfall prior to 2200 UTC as warm frontal.
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Fic. AL. Traces of normalized streamflow (% of peak flow) of four
runoff events (thin curves) on Pescadero Creek just prior to and
including the flood event of 2-3 Feb 1998. The starting month, day,
and year of each trace is shown in the key, as is the peak flow
magnitude (m3 s~*; in parentheses). The mean of those traces (bold
curve) is also shown. The normalized peak flow for each event is at
hour = 0. The recession portion of the mean trace is marked with
bold dots at hour = 3.25 and 9.25 to determine the impact of the
warm-frontal rainfall and the 6-h period of orographically forced
warm-sector rainfall on the record flow at Pescadero Creek at 0945
UTC 3 Feb 1998. Date of traces are in the form day day/month month/
year year.

the direct dependence of the recession rate on the mag-
nitude of the preceding peak flow (e.g., see Fig. Al),
variable soil moisture content, and rainfall that contin-
ues after the primary event. The soil moisture conditions
and rainfall characteristics associated with the four run-
off eventsin Fig. A1 were similar. Specifically, the soil
during each event was quite likely saturated, given that
copious rain (325-533 mm) fell across the Santa Cruz
Mountains during January 1998. In addition, heavy rain
fell in advance of each runoff maximum, followed by
an abrupt decrease in rain rate several hours prior to the
maximum (not shown), thus approximating a sudden
cessation of rainfall in each case.

Based on the soil conditions, which were either sat-
urated or near saturation, and the abrupt cessation of
rainfall that preceded the peak flow of the four runoff
events, the receding portion of the mean normalized
hydrograph in Fig. A1 can be viewed as a characteristic
recession following significant stormsfor this basin dur-
ing the exceptionally wet winter of 1997/98. Hence, this
mean hydrograph is used to estimate the components of
S (1), and to estimate the contribution of S, (t) and
S.s(t) to the record peak flow at t = 0945 UTC 3 Feb-
ruary (see Fig. A2). Given the 2-3-h response time in
Pescadero Creek to changes in rain rate, a 2.5-h time
lag is used between the end of the warm-sector rainfall
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Fic. A2. The hydrograph trace from Pescadero Creek on 2-3 Feb
1998 [S,(t); m® s7%; solid curve]. Dark shading between the dotted
curves denotes the estimated contribution to the total streamflow due
to the 6-h period of orographically forced warm-sector rain [S,.(t)],
and the light shading above the top dotted-curve and beneath the
bottom dotted-curve mark the estimated contributions to the total
streamflow due to the pre-cold-frontal and cold-frontal rain [S;(t)]
and the warm-frontal rain [S,(t)], respectively. The X and its error
bars denote the estimated peak streamflow that excludes the impact
of the 6-h period of orographically forced warm-sector rain. The
magnitude and ranking of the eight largest floods observed in Pes-
cadero Creek are shown with bold dots and numbers, respectively.
The gray-shaded vertical bar represents the key 6-h period within the
warm sector, as in Fig. 7.

16
3 Feb 98

and the estimated initial streamflow recession associated
with the end of this period of rainfall. The same time
lag is used for the warm-frontal rainfall and its estimated
runoff. As a result, the estimated streamflow attributed
to the warm-frontal rain started receding at 0030 UTC
3 February (i.e., 9.25 h prior to the record peak flow;
right bold dot in Fig. A1), and the estimated streamflow
attributed to the combined warm-frontal/warm-sector
rain began receding at 0630 UTC 3 February (i.e., 3.25
h before the record peak flow; left bold dot in Fig. Al).
The recession characteristics of these estimated stream-
flow traces (see dotted curvesin Fig. A2) were derived
from the observed streamflow magnitudes at 0030 and
0630 UTC in conjunction with the receding portion of
the mean normalized hydrograph in Fig. Al.

The estimated traces in Fig. A2 clearly show that the
runoff associated with the heavy pre-cold-frontal and
cold-frontal rains (S;) contributed dominantly to the
record flood ranking at 0945 UTC. However, Fig. A2
also reveals that the contribution of S, to the record
peak flow of 300.8 m3s~1is16.8 m3s~t. Similarly, the
combined contribution of S,; and S, to the record peak
flow is 94.8 m3 s—1. Hence, the runoff contribution to
the record peak flow from the 6-h period of orograph-
ically forced warm-sector rainfall (S,.) when the adja-
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cent watershed was within a rain shadow is 78.0 m?
s~1. This represents 26% of the record peak flow. To
assess the uncertainty of this estimate of the contribution
of S, to the record peak flow (i.e., to calculate the error
bars in Fig. A2), the exercise described above was also
carried out using the normalized runoff event with the
smallest recession rate (012898 in Fig. Al) in conjunc-
tion with a 3-h lag, and the normalized runoff event
with the fastest recession rate (020298 in Fig. A1) to-
gether with a 2-h lag. This approach yields a range for
S, Of 111.8 m® s7* (37% of record peak flow) to 52.7
m?3 s~* (18% of record peak flow), or 26 = ~9% of the
record peak flow.

Based on therange of estimatesfor S,, the hydrologic
characteristics of Pescadero Creek are such that the pe-
riod of rainfall between 2200 UTC 2 February and 0400
UTC 3 February contributed significantly to the gen-
eration of the record flood at 0945 UTC 3 February. If
the minimum estimated contribution of S, were re-
moved, it would have reduced the peak flood to the
third highest on record, while removal of the maximum
estimated contribution would have lowered it to the
sixth-highest flood.A? This result supports the overall
assertion that the orographically forced warm-sector
rainfall caused the flooding in the sparsely populated
Pescadero basin to attain record status. Thisis also con-
sistent with the conclusion that the rain shadow played
akey role in reducing the flooding and associated flood
damage in the much more populous San Lorenzo basin.

APPENDIX B

The Downstream Drift of Rainfall in the Santa
Cruz Mountains

The key parameters used to determine the down-
stream drift of the QPE field derived from the experi-
mental Z-R relationship (Fig. 13a) are the low-level
horizontal wind velocity, the hydrometeor fall speed,
and the terrain slope and elevation. A 6-h-averaged hor-
izontal wind velocity of 25.4 m s—* from 169° was mea-
sured by the coastal wind profiler at PPB in the 800-
m-deep orographic controlling layer between 0.6 and
1.4 km MSL (see dark-gray-shaded rectangle in Fig.
9a). This mean measurement quite likely represented
flow conditions impacting the western Santa Cruz
Mountains, because the flow in both regions did not
initially encounter upstream terrain, and because the
mean low-level VAD wind observations from the MUX
radar in the eastern Santa Cruz Mountains mirrored
those at PPB (Fig. 11a). Therefore, the time-averaged,
layer-mean wind velocity of 25.4 m st from 169° is
used in the QPE-drift calculations. A wind profiler at
NPS also provided lower-tropospheric wind data (Fig.
114), but this site was sheltered <20 km downstream

A2 Removal of S, in either scenario would not have reduced the
record flood ranking.
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of the Santa Lucia Mountains (Fig. 11b), resulting in
weaker low-level flow than that observed at PPB and
UMN.

Range-height reflectivity analyses constructed from
MUX radar data during the 6-h period (not shown) in-
dicate that a mixture of brightband rain and nonbright-
band rain fell over the western Santa Cruz Mountains,
though these scans could not provide measurements of
the hydrometeor fall speeds. The experimental S-band
radar northwest of San Francisco regularly observed
both types of rainfall during CALJET. The seasonwide
modal fall speeds measured by the experimental radar
below ~1400 m MSL during brightband rain and non-
brightband rain were 6.25 and 2.25 m s—1, respectively
(White et a. 2003). Therefore, based on the assumptions
that the 6-h window of warm-sector rainfall on 2-3
February consisted of coequal periods of brightbandrain
and nonbrightband rain, and that the precipitation mi-
crophysics were similar at each of these coastal moun-
tain locations, the average fall speed over the Santa Cruz
Mountains during this time was assumed to be 4.1 m
s L

Theterrain slopein the western Santa Cruz Mountains
and at the experimental S-band site was very similar
(~8%). However, the strong low-level flow during the
6-h period on 2-3 February (25.4 m s*) was at least
50% greater than the average flow of 16.9 m s that
occurred in conjunction with the seasonwide fall speed
measurements. Therefore, orographically forced ascent
was at least 50% or 0.7 m s~* larger in the Santa Cruz
Mountains. Superimposing the additional orographical-
ly forced upward motion on the hydrometeor fall speeds
measured at the experimental S-band radar yieldsamod-
ified hydrometeor fall speed of 3.4 m s*.

The core of heavy warm-sector rainfall during the 6-
h period was situated 23 km west of the MUX radar
(1077 m MSL). At this range, the lower and upper
bounds of the 0.5° radar beam extend from 31 to 433
m above the radar, or an average of 1309 m MSL. Given
that the pass between the San Lorenzo and Pescadero
watersheds is ~500 m MSL, and that a hydrometeor
fall speed of 3.4 m st is assumed, it would take 238
s for the hydrometeors to fall 809 m before impacting
the pass. This estimate predicts a total phase-shifted
distance for the QPE field of 6.0 km from 169°. Based
on a series of six correlation and root-mean-square error
(rmse) analyses that compared the rain gauge obser-
vations in the domain of Fig. 13 to the QPE analysis
for each of six advective phase shifts between 0 and
12.5 km at 2.5-km increments (Table B1), the 6.0-km
shift wastoo small. Table B1 showsthat a 7.5-km down-
stream drift best matches the rain gauge data. Drifts
>12.5 km were not considered because it would have
required unrealistic meteorological conditions.

Minor realistic adjustments to the meteorological pa-
rameters can account for an increase in the downstream
drift from 6.0 to 7.5 km. For example, a 10% increase
in the magnitude of the horizontal flow from 25.4 to
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TaBLE B1. Correlation (r?) and root-mean-square error (rmse) as
a function of the downstream drift (km) of the QPE field. The rms
and r2 values are based on comparisons between the observations of
6-h rainfall (dots in Fig. 13) and the radar-derived 6-h QPE field
using the experimental Z-R relationship (color analysis in Fig. 13)
for six different advective shifts from 0 to 12.5 km.

Advective shift Rmse (mm) Correlation (r?)
of QPE field (km) Obs vs QPE Obs vs QPE
0.0 6.48 0.49
25 5.47 0.62
5.0 5.07 0.68
75 4.29 0.78
10.0 4.41 0.76
125 4.56 0.77

27.9 m st (supported by MUX radial velocity data)
increases the downstream drift to 6.6 km. Decreasing
the mean hydrometeor fall speed by 10%, easily within
the range of values possible for a mix of nonbrightband
and brightband rain, to 3.06 m s—* increases the down-
stream drift to 7.4 km, consistent with the results in
Table B1. The strong low-level winds, combined with
the relatively small hydrometeor fall velocities, indicate
that this case was especially susceptible to a significant
downstream drift of rainfall from one watershed to the
next.

The mean bias between the observed 6-h rainfall and
the QPE field for the six phase shifts is —0.6 mm for
the experimental Z-R relationship and —4.5 mm for the
default Z-R relationship. The default relationship sig-
nificantly underestimated the rainfall because it assumes
larger drop sizes than have been inferred in California’s
coastal mountain precipitation (e.g., White et al. 2003).
Thus, the QPE field derived from the experimental Z—
R relationship was used.
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